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Supersymmetric (SUSY) models and dynamical breaking of symmetries have been used to explain
hierarchies of mass scales. We find that a chiral representation, 10 ⊕ 5 ⊕ 2 · 5 in SUSY SU(5)
in the hidden sector, breaks global SUSY dynamically, by producing a composite field φ below the
SU(5) confinement scale. This dynamincal SUSY breaking can have two important applications,
one in particle physics and the other in cosmology. Gavitational effects transmit this dynamical
breaking to the standard model(SM) superpartners and the quintessential vacuum energy. The SM
superpartners feel the effects just by the magnitude of the gravitino mass while the smallness of the
quintessential vacuum energy is due to the composite nature of a singlet field φ. The composite φ
carries a global charge which is hardly broken in SUSY and hence its phase can be used toward a
quintessential axion for dark energy of the Universe.
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I. INTRODUCTION
Mass scales are the most important physical parameters in all physics disciplines. In any theory, the definition of
mass scale is given by the Planck mass MP. The next important mass scale determines a physics discipline. It is a
mystery how this next scale has arisen from the fundamental Planck mass. In the standard model (SM) of particle
physics, the next scale is the electroweak scale vew = 246 GeV. In the standard Big Bang cosmology, the next scale
is the current value of the Hubble parameter H0. In the current dark energy (DE) dominated Universe, DE can be
considered as the next scale, which we follow here. In nuclear physics, atomic physics, and condensed matter physics,
the next scales are 7 MeV, 1 eV, 10−3 eV, respectively, which can be derived in principle from the electroweak scale.
Cosmological dark matter has its root in particle species [1] and DE looks for solutions in the framework of general
relativity [2]. Therefore, understanding mass parameters in two standard models, in particle physics and in cosmology,
is the key in understanding all physical mass parameters.
Gauge forces in the SM can be unified into a grand unified theory (GUT) at the scale 1015−17 GeV [3]. Understanding
the ratio of the electroweak scale and the GUT scale is known as the gauge hierarchy problem [4]. If this hierarchy of
masses is not fine-tuned, the best ideas so far suggested are behind two pillars: dynamical symmetry breaking(DSB)
[5] and breaking of N = 1 supersymmetry(SUSY) [6]. In particular, the DSB idea is most natural in the sense that
an exponentially small mass parameter can be obtained by the evolution of gauge couplings of the confining force.
If the confinement is working for generating small mass scales, then it can generate even very small mass parameter
such as the DE scale of 10−3 eV because a composite particle with a large enegineering dimension may be the source
of this DE scale.
The N = 1 SUSY idea accompanies superpartners of the SM particles around the TeV scale. Once the small
electroweak scale is introduced as a parameter at the GUT scale then it can be used down at the electroweak scale
via the non-renormalization theorem but it lacks in explaining the exponentially small scale itself. Currently, TeV
scale SUSY particle effects have not shown up at the Large Hadron Collider, and we need to raise the superparticle
masses above a few TeV [7, 8]. By raising the superpartner masses above the TeV scale, there must be a kind of small
fine-tuning of parameters, the so-called the little hierarchy problem (a problem on the SUSY particle masses and the
electroweak scale), which can be understood now in various methods [9].
Since SUSY must be broken, generating a SUSY breaking scale is the key in SUSY solutions of gauge hierarchy
problem. In this regard, a DSB in SUSY models is promising toward understanding hierarchical mass scales. Phe-
nomenologically, the SUSY idea must relate the electroweak scale to the SUSY breaking scale, which was popular
in the early 1980’s under the name of gravity mediation [10, 11]. Supersymmetry breaking by gluino condensation
needs the gluino condensation scale of order 1013 GeV [12] to obtain TeV scale gravitino mass. Since it is required
to raise the gravitino mass above several TeV [7, 8], the gluino condensation idea may not work if the hidden sector
and the visible sector gauge couplings are unified at the GUT scale. On the other hand, if an F-term of chiral field is
the source for SUSY breaking, then the intermediate mass scale about 5 × 1010 GeV is needed for gravitino mass of
order the TeV scale [13]. In addition, this intermediate scale has been useful for the “invisible” axion and the µ-term
in supergravity [14, 15].
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2We find that a chiral representation, 10 ⊕ 5 ⊕ 2 · 5 in SUSY SU(5) in the hidden sector, breaks global SUSY
dynamically, by producing a composite field φ below the SU(5) confinement scale Λ. The composite field φ respects
a global symmetry U(1), which is shown by matching anomalies above and below the confinement scale. The F-term
scale of φ can be larger than 5 × 1010 GeV, raising the masses of SM superpartners much above TeV. Since φ is
composite, breaking the resulting global U(1) of φ can be very tiny, which can be the source of DE scale in the
Universe [1].
II. DYNAMICAL BREAKING IN A SUSY GUT
Early ideas on supersymmetric QCD(SQCD) in SU(Nc) gauge group [16–18] are DSB models, which are summarized
in [16, 20]. Our model here does not belong to this kind of SQCD but to a kind of a chiral-family model in SUSY
grand unification (SGUT). The first study on DSB in SGUT was presented in [19], where one chiral family in the
SU(5) SGUT was suggested to induce SUSY breaking based on the flat direction argument. In the one-family SGUT
SU(5), however, a superpotential cannot be written and only an argument toward SUSY breaking has been presented.
In this paper, we find a chiral representation, 10 ⊕ 5 ⊕ 2 · 5, in SU(5) SGUT with superpotentials given above
and below the confinement scale and attribute the source of SUSY breaking in supersymmetric SMs (SSMs) to the
confinement scale Λ of this hidden sector SU(5). For a non-Abelian gauge symmetry SU(5) and a non-Abelian global
symmetry SU(2), the representations are written as, (SU(5)gauge, SU(2)global), and we introduce
Ψ¯ = (10,1), ψ¯1 = (5,1), ψ2 = (5,2), D1 ∼ (1,2). (1)
We are guided to study Eq. (1) from our earlier work [21]. These fields, being complex, can have phases. So, the full
global symmetry we consider is SU(2)×U(1)Ψ¯×U(1)ψ¯1×U(1)ψ2×U(1)D1 . Note that our global symmetry is complete.
There are three SU(2) invariant terms in the superpotential,1
W0 3 1
4
Ψ¯αβψi2αψ
j
2βij , ψ¯
α
1 ψ
i
2αD1i,
1
5!
Ψ¯αβΨ¯γδψ¯1 αβγδ, (2)
which act as three constraints on the U(1) phases,2
U(1)Ψ¯ + 2U(1)ψ2 = 0,
U(1)ψ¯1 + U(1)ψ2 + U(1)D1 = 0,
2U(1)Ψ¯ + U(1)ψ¯1 = 0.
(3)
Therefore, there remains only one U(1) global symmetry, say U(1)Ψ¯, and the other phases can be written as, U(1)ψ¯1 =
−2U(1)Ψ¯, U(1)ψ2 = − 12U(1)Ψ¯, and U(1)D1 = 52U(1)Ψ¯. Global symmetries survive below the confinement scale, where
only SU(5) singlets will be considered. If the conefinement preserves SUSY and the confining SU(5)gauge is not broken,
we can consider the following SU(5)gauge−singlet chial fields,
φ1 =
1
5!
Ψ¯αβΨ¯γδψ¯1 αβγδ, φ2 =
1
4
Ψ¯αβψi2αψ
j
2βij , Φi = ψ¯
α
1 ψ2α i. (4)
In the confinement process, the anomaly matching of global symmetries was suggested [22]. Since we have the
global symmetry SU(2)×U(1), it is a question how an anomalous U(1) survives the confinement process. Not to
worry about the perturbative effects of fermion representations, let us gauge the SU(2) part. For the global U(1),
consider the chiral transformations on fermions by an angle θ of U(1). If there is anomalies above the confinement
scale, then due to the non-perturbative effects through instantons there is an effective θ term for the non-Abelian
SU(2). Use this chiral transformation of U(1) such that quark phases become 0. But the anomalous θ term, generated
non-perturbatively, survives the confinement process as discussed in axion physics. We will consider a global symmetry
in the end, which will corresponds to an infinite (global) size of instanton and hence must be satisfied if a global SU(2)
replaces the gauge SU(2). In general, this argument leads to, “if we consider a global non-Abelian group G then
the anomalies of the forms G–G–G and U(1)–G–G should match above and below the confinement scale [22].” For
G=SU(2), there is no anomaly of the type G–G–G. So, in our case of G=SU(2), we consider matching the anomalies
1 Two family SU(5) Georgi-Glashow model [3], 2(10⊕ 5) in Ref. [20], is different from Eq. (1).
2 Here, we express charges as U(1)’s.
32`(RSU(5)) SU(2) U(1)Ψ¯ U(1)ψ¯1 U(1)ψ2 U(1)D1 U(1)AF U(1)R dimension
ϑ 0 0 0 0 0 0 0 +1 1
2
Ψ¯ ∼ (10,1) − 1 +1 0 0 0 −1 +1 1
fermion +3 1 +1 0 0 0 −1 0 −
ψ¯1 ∼ (5,1) − 1 0 +1 0 0 +2 0 1
fermion +1 1 0 +1 0 0 +2 −1 −
ψ2 ∼ (5,2) − 2 0 0 +1 0 + 12 + 12 1
fermion +1× 2 2 0 0 +1 0 + 1
2
− 1
2
−
D ∼ (1,2) − 2 0 0 0 +1 − 5
2
+ 3
2
1
fermion +1× 2 2 0 0 0 +1 − 5
2
+ 1
2
−
W a ∼ λa 0 − 0 0 0 0 0 +1 3
2
Λb − − − − − − 2b
3
b
φ − 1 − − − − −5 +2 1
fermion − 1 − − − − −5 +1 −
Φi − 2 − − − − + 52 + 12 1
fermion − 2 − − − − + 5
2
− 1
2
−
S − 1 0 0 0 0 0 +2 1
fermion − 1 0 0 0 0 0 +1 −
Di ∼ (1,2) − 2 − − − +1 − 5
2
+ 3
2
1
fermion − 2 − − − +1 − 5
2
+ 1
2
−
TABLE I: Global symmetries with Nc = 5.
of U(1)global−SU(2)global−SU(2)global above and below the confinement scale. But we need not consider U(1)3global
anomaly since we cannot consider such a term from the above non-perturbative argument.
To discuss the SU(5) confinement, first let us consider U(1)global–SU(5)
2
gauge anomaly. As we commented above,
there remains only one global U(1) for which we take U(1)Ψ¯. If we considered only matter fields, it is an anomaly
free U(1)AF ,
U(1)AF = −U(1)Ψ¯. (5)
But, we must consider the R-symmetry U(1)R also. These two U(1)’s are listed in Table I. The U(1)R is anomalous.
The important point of R symmetry is not in the calculation of anomaly but in the calculation of superpotential in
the SUSY case. The anomaly is a short distance effect, leading to (U(1)-charge)FF˜ vertex. As in the case of axion
coupling to photon, we do not calculate (axion)-FF˜ even for the value at zero temperature, not by the composites
such as proton and neutron but by the quarks. For composites φ,Φi and S, U(1)AF and U(1)R are also listed in
Table I. U(1)AF , being SU(5)gauge−anomaly free, there is no constraint for the sum of U(1)AF of composites to satisfy
because there is no gauge symmetry we can consider below the confinement scale.
For the anomalies, we do not check U(1)3 but U(1)global×SU(2)global×SU(2)global above and below the confinement
scale. We must consider U(1)global×SU(2)gauge×SU(2)gauge first because ‘anomaly’ is the anomaly in the renormal-
ization of the gauge couplings. Then, apply the result to the infinite spacetime to draw a conclusion on the global
case.
Since U(1)R is anomalous, we consider it, checking only with the most fundamental particles. Above the confinement
scale, we consider doublets of global SU(2) only in (5,2) from which we obtain U(1)R−SU(2)global−SU(2)global anomaly
of (− 12 )×5 = − 52 units. As commented above, below the confinement scale also, we must consider the most fundamenta
(5,2) and obtain again − 52 .
Even if we keep two vertices attached by U(1) gauge bosons, the (global U(1))–(gauge U(1))–(gauge U(1)) triangle
will give the anomaly of (global U(1) current)–Fµν F˜
µν times group-theory factor dΓab = Γδab as depicted in Fig. 1.
4FIG. 1: The Jµ-U(1)gauge-U(1)gauge anomaly.
The spacetime part is a total derivative,
∝θ 
µνρσ
4
(∂µAν − ∂νAµ)(∂ρAσ − ∂σAρ) = θµνρσ[(∂µAν)(∂ρAσ)]
= ∂ρ[θ
µνρσ(∂µAν)(Aσ)]− [θµνρσ(∂ρ∂µAν)]Aσ = ∂ρ[θµνρσ(∂µAν)(Aσ)],
(6)
and hence we can neglect the [global U(1)]–[gauge U(1)]2 anomaly, depicted in Fig. 1. In fact, from the U(1) charges
of Table I, one can easily show that the [global U(1)]–[gauge U(1)]2 anomalies of above and below the confinement
scale match, by redefining U(1)R +
U(1)AF+`(2)
2 as a new U(1)R.
For the SU(2) discrete anomaly, the gauge boson attachement is not necessary and we have six(=even number)
copies (together with D1) of doublets above the confinement scale and two(=even number) copies (together with D1)
of doublets below the confinement scale. So, the Witten anomaly [24] is also matched.
Therefore, we can consider the following superpotential below the confinement scale, consistently with our global
symmetries,
W = M2φ+
Nc(N
2
c − 1)
32pi2
µ20S
(
1− a log Λ
3
Sµ20
)
+ bMΦiD
i, (7)
where Λ is the definition for the gaugino condensation scale leading to the Veneziano-Yankielowicz composite S [25].
[Note that ours as an effective one still respects the R symmetry in contrast to the phenomenological Polonyi potential
W = m2z + constant [26].] In the superpotential, we considered only M2φ ≡ M21φ1 + M22φ2 since the other linear
combination does not appear at all. The parameter M2 can be calculated from original superpotential
λ0
5!
Ψ¯αβΨ¯γδψ¯1 αβγδ → λ0µ20 φ,
leading to M2 ' λ0Λ2. So, the SUSY conditions for the composites are
∂W
∂φ
= 0 : M2 = 0,
∂W
∂Φi
= 0 : Di = 0,
∂W
∂Di
= 0 : Φi = 0,
∂W
∂S
= 0 : µ20
(
1 + a− a log Λ
3
Sµ20
)
= 0,
(8)
where the first equation cannot be satisfied. The SUSY conditions determine 〈Φi〉 = 0 and 〈Di〉 = 0. One can add
one more pair of doublets D2 and D3 to break the global symmetry SU(2)×U(1) to a global U(1). At this stage, it is
difficult to break the remaining U(1) by another term in the superpotential. Let the remaining global symmetry be
manifested by the phase of φ. The VEV 〈S〉 is determined from the SUSY condition at (Λ3/µ20)e−(1+a
−1). Equations
in (8) show that the SUSY breaking is not by 〈S〉 but through the M2 term due to the O’Raifeartaigh mechanism
[27].
5One of the popular scenarios for SUSY breaking is the gaugino condensation triggering the F -term(s) of singlet
chiral field(s) z. The gauge kinetic function f(z) in
∫
d2ϑ f(z)WαWα can take a form f(z) = 1 + (z/M) in this
case [12] and z must carry R charge 0. From matter fields of E8 × E′8, we encountered that there does not appear a
singlet field through compactificatioin with all U(1) charges being zero [21, 28]. Therefore, a candidate can be only
from the antisymmetric tensor field BMN , which was suggested in [29, 30]. It is commented that the only possible
bilinear of Majorana-Weyl gluinos in 10 dimensions is Tr χ¯ΓMNPχ (M,N,P = 1, · · · , 10) and hence the coupling
can be BMNPTr χ¯ΓMNPχ [30]. One needs a large value, & 1013 GeV, for gluino condensation becasuse of gluino
of dimension 32 . With our φ of dimension 1, the same amount of SM SUSY breaking is obtained by our M at
5 × 1010 GeV. Therefore, if SUSY breaking between 1013 GeV and 5 × 1010 GeV is needed then our mechanism is
useful in raising the superpartner masses above TeV.
Since V is bounded by the SUGRA correction, φ get a VEV of order MP . So the SUGRA corrections are not
negligible. So the Polonyi problem (=moduli problem) is there as is well known.
III. EFFECTS OF SUPERGRAVITY
The SM particles acquire the SUSY breaking effects from the hidden sector by supergravity effects, proportional to
the gravitino mass [31]. The scalar partners of quarks and leptons, and the fermionic partner of gauge bosons acquire
masses at the order the gravitino mass m23/2 ' |F |2/3M2P where F is the SUSY breaking F -term [13], and for the
minimal Kahler potential K = |φ|2 + · · ·
F = DW = (∂φW ) + (∂φK)W/M
2
P = M
2 + φ∗M2(φ+NcΛ3eiα/M2)/M2P . (9)
In this case, the vacuum energy V is [31],
V
exp(|φ|2/M2P)
= |F |2 − 3|W |
2
M2P
= M4
(
1 +
2|φ|2
M2P
+
|φ|4
M4P
)
+
Λ6N2c |φ|2
M4P
+
M2Λ3Nc(φe
−iα + φ∗eiα)
M2P
− 3
M2P
∣∣M2φ+NcΛ3eiα∣∣2 , (10)
where we considered only vacuum values of M2 and S terms in W and α = 0 or pi. Here, we note that the U(1)R charges
of φ (both φ1 and φ2) and S are identically 2, viz. Table I, implying that both VEVs 〈φ〉 and 〈S〉 break U(1)R down
to Z2. Therefore, the phases of 〈φ〉 and 〈S〉, δ and α, have the same periodicity: δ−α =constant. Therefore, the last
two term in Eq. (10) does not have a δ dependence. δ is a flat direction. The dynamically generated superpotential of
gluino condensation corresponds to the Nf = 0 case in SQCD, i.e. the Affleck-Dine-Seiberg superpotentialW = NcΛ3
[18] where Λ3 carries two units of R charge.
Let us determine 〈φ〉 ≡ veiδ such that V = 0 for two vacua of gluino condensates. To illustrate solutions, let us
keep the leading terms in the (1/M2P) expansion to obtain the minimization condition
M4 v3 − 4M2Λ3Nc cos(δ − α) v2 − 3N2cΛ6v − 2M2PM2Λ3Nc cos(δ − α) = 0. (11)
Equation (11) must be satisfied together with V = 0 which are achieved by fine-tuning of parameters. Namely, setting
the cosmological constant at the minimum as zero is by fine-tuning. In Fig. 2, one such minimum is chosen as a
square. With this fine-tuning, we set the vacuum energy of these two vacua at zero, which are the black and green
bullets in the inset of Fig. 2. Between the black and green bullets, the vacuum energy is positive.
In Fig. 2, we sketch a rough idea of the vacuum energy dependence on the composite φ. The curvature at the
v direction is known as the Polonyi problem [32]. In our case the maximum point in the center is about Λ4 and
fquintessence is about . MP, and a rough estimate of the mass of real φ is & (1012 GeV)2/MP ≈ 104 GeV. So, the
Polonyi problem can be evaded for a little bit larger value of Λ compared to µ0.
IV. QUINTESSENTIAL AXION AS DARK ENERGY
In addition, we need a mechanism to break the global U(1) explicitly because gravity does not allow an exact global
symmetry [33]. If the magnitude of breaking is tiny,∼ (10−3 eV)4, and the radius of the circle in the inset of Fig. 2 is
large, .MP, it is the quintessential axion [34, 35]. In Fig. 2, we depict the anticipated vacuum energy as a function
of φ. The Z2 vacua from the gaugino condensation are denoted as the black and green bullets, which are determined
6FIG. 2: The cosmological constant as a function of φ, one of which having V = 0 is in the square. Solutions of Eq. (11) are
the points with dV/dv = 0. Each sign of Eq. (10) for α = 0 and pi are shown as the black and green curves, by bringing the
parity reflected curve (α = pi) near the other curve (α = 0). In the inset, the square is amplified with the black and the green
bullets corresponding to α = 0 and pi, respectively. The red star corresponds to the current quintessential point φ = |φ|eiδ [35].
by fine-tuning as commented below Eq. (11). In the inset, the quintessential field is along the red circle with radius
fquintessence and the star descibes the current magnitude of dark energy.
With the field content present in Table I, it is possible to realize a quitessential axion. The complex φ accompanies
a global U(1) symmetry, as commented below Eq. (8). The height at the star is small because of the composite
nature of our φ and the difficulty of breaking SU(2) global symmetry. In other words, it is commented below Eq.
(10) that the phase is a flat direction at this level of requiring U(1)R charge 2 for the superpotential. The composite
fields φ1, φ2 and Φi of Eq. (4) and Di are the fields we consider at low energy. In terms of these, we cannot consider
a superpotential term. But a D-term can be considered from φ∗ΦiDjij which can be given in terms of SU(5) fields
as3
1
M˜4
∫
d2ϑd2ϑ¯
(
1
4
Ψ¯αβψi2αψ
j
2βij
)
(ψ¯α1 ψ2αk)
∗(Dl)∗kl + h.c. (12)
where M˜ is some Planck scale mass parameter. From Eq. (2), the F-term of (Di)
∗ is ψ¯α1 ψ2αk, and integrating out
d2ϑ¯ gives
|ψ¯α1 ψ2αk|2
M˜4
∫
d2ϑ
(
1
4
Ψ¯αβψi2αψ
j
2βij
)
+ h.c. (13)
But Eq. (13) is of the form of Eq. (7), and hence it cannot generate the height of a quintessental axion potential.
In terms of an effective superpotential, we cannot generate the potential for the quintessental axion. Since our global
symmetry has originated from the anomaly, one can consider the QCD anomaly first. But it is too big for the
cosmological constant. Anyway, it must be reserved for the invisible axion [14, 36]. The next obvious contribution is
the SU(2)W anomaly which is sufficiently small,
∼ e−2pi/α2v4ew ∼ 10−81.6v4ew ∼ 10−5(10−3 eV)4. (14)
3 For φ, we illustrate in terms of φ2. φ1 would have given the same power of mass suppression.
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TABLE II: U(1) charges of SU(5)′ fields. Here, U(1)R is defined by QR = 12 (Q1 +Q2 +Q3) +
1
3
Q6 + 2Q20.
But, it is a bit small for dark energy of a quinessential axion. Note that with approximate global symmetries allowed
by discrete symmetries in string compactification, there can be a contribution as discussed in Ref. [37].
But, when we consider gravity, we should not have a global symmetry. String compactification must allow U(1)R
breaking terms. Indeed, this interesting spectrum (1) in the hidden sector was obtained before from string compactifi-
cation [21], where the visible sector flipped SU(5) model with three families are realized [38, 39]. Recently, a successful
Z4R symmetries needed for proton longevity [40, 41] has been assigned successfully in this model [42]. To illustrate
the example, in Table II we list the SGUT non-trivial spectra from Z12−I orbifold compactification [21], where many
vector-like pairs of (5⊕5) of [21] are not listed. U(1)R charges as in Ref. [42] are listed in the 4th column. Removing
the vector-like representation F ′3 ⊕ F ′4 just below the string scale by a superpotential term ∼ F ′3F ′4, we obtain the
spectra presented in Eq. (1). The model contains many SM singlet fields σI whose U(1)R charges can be found in
Ref. [42]. Some singlets carry negative U(1)R charges and we can consider superpotential terms of the form
W ′ ∝ 1
M˜n+3
(
1
4
Ψ¯αβψi2αψ
j
2βij
)
(ψ¯α1 ψ2αk)(Dl)
kl
(
n∑
I=1
σa1 · · ·σan
)
(15)
such that
n∑
I=1
Q(σaI ) = −2. (16)
The GUT scale VEVs σaI break the U(1)R symmetry and indeed there is no global symmetry when we consider
gravity. For the quintessential axions to be realized from string compactification, the model is constructed such that
it is not possible to allow VEVs of scalars satisfying Eq. (16).
V. CONCLUSION
We showed that a chiral representation, 10 ⊕ 5 ⊕ 2 · 5 in supersymmetric SU(5), breaks global supersymmetry
dynamically. This mechanism of supersymmetry breaking can generate smaller mass scales in physics if appropriate
discrete symmetries are provided. We obtained this needed spectra from the hidden sector of heterotic string as
shown in a Z12−I orbifold compactification. There can be many useful applications of this dynamical breaking of
supersymmetry. Firstly, the little hierarchy of factor r in particle physics, i.e. supersymmetry appearing above r TeV,
is obtained if SU(5) confines at & √r · 5 · 1010 GeV. Second, dark energy in the Universe can be attributed to the
composite nature of φ arising from the SU(5) confinement at field theory framework but realization from string
compactification needs a judicious symmetry breaking pattern.
8Acknowledgments
J.E.K. is supported in part by the National Research Foundation (NRF) grant 2018R1A2A3074631, and B.K. is
supported in part by the NRF grant 2016R1D1A1B03931151.
[1] J. E. Kim, Dark Matter, The Encyclopedia of Cosmology edited by G. F. Fazio (World Scientific, Singapore, 2018), Vol. 4.
[2] S. Tsujikawa, Dark Energy, The Encyclopedia of Cosmology edited by G. F. Fazio (World Scientific, Singapore, 2018), Vol.
3.
[3] H. Georgi and S. L. Glashow, Unity of all elementary particle forces, Phys. Rev. Lett. 32 (1974) 438 [doi:10.1103/ Phys-
RevLett.32.438].
[4] S. Weinberg, Gauge symmetry breaking, Proc. of Conference on Gauge Theories and Modern Field Theory (Boston, MA,
26-27 Sep 1975), ed. R. Arnowitt and P. Nath (MIT Press, Cambridge, MA, 1976) p. 1.
[5] L. Susskind, Dynamics of spontaneous symmetry breaking in the Weinberg-Salam theory, Phys. Rev. D 20 (1979) 2619
[doi:10.1103/PhysRevD.20.2619];
S. Weinberg, Implications of dynamical symmetry breaking, Phys. Rev. D 19 (1979) 1277 [doi:10.1103/PhysRevD.19.1277].
[6] E. Witten, Dynamical breaking of supersymmetry, Nucl. Phys. B 188 (1981) 513 [doi:10.1016/0550-3213(81)90006-7].
[7] ATLAS Collaboration, Search for supersymmetry in final states with charm jets and missing transverse momentum in 13
TeV pp collisions with the ATLAS detector, JHEP 09 (2018) 050 [arXiv:1805.01649 [hep-ex]].
[8] CMS Collaboration, Search for supersymmetry in final states with photons and missing transverse momentum in proton-
proton collisions at 13 TeV, [arXiv:1903.07070 [hep-ex]].
[9] See for example, and references in, B. Kyae, Electroweak symmetry breaking by a neutral sector: Dynamical relaxation of
the little hierarchy problem, arXiv:1806.08451 [hep-ph].
[10] H. P. Nilles, Dynamically broken supergravity and the hierarchy problem, Phys. Lett. B 115 (1982) 193 [doi:10.1016/0370-
2693(82)90642-6].
[11] R. Barbieri, S. Ferrara, and C. A. Savoy, Gauge models with spontaneously broken local supersymmetry, Phys. Lett. B 119
(1982) 343 [doi:10.1016/0370-2693(82)90685-2].
[12] S. Ferrara, L. Girardello, and H. P. Nilles, Breakdown of local supersymmetry through gaugefermion condensates,
Phys. Lett. B 125 (1983) 457 [doi:10.1016/0370-2693(85)91033-010.1016/0370-2693(83)91325-4].
[13] S. Deser and B. Zumino, Broken supersymmetry and supergravity, Phys. Rev. Lett. 38 (1977) 1433 [doi: 10.1103/Phys-
RevLett.38.1433].
[14] J. E. Kim, A common scale for the invisible axion, local SUSY GUTs and saxino decay, Phys. Lett. B 136 (1984) 378
[doi:10.1016/0370-2693(84)92023-9].
[15] J. E. Kim and H. P. Nilles, The µ problem and the strong CP problem, Phys. Lett. B 138 (1984) 150 [doi:10.1016/0370-
2693(84)91890-2].
[16] N. Seiberg, Exact results on the space of vacua of four-dimensional SUSY gauge theories, Phys. Rev. D 49 (1994) 6857 [doi:
10.1103/PhysRevD.49.6857].
[17] A. C. Davis, M. Dine, and N. Seiberg, The massless limit of supersymmetric QCD, Phys. Lett. B 125 (1983) 487
[doi:10.1016/0370-2693(83)91332-1].
[18] I. Affleck, M. Dine, and N. Seiberg, Dynamical supersymmetry breaking in supersymmetric QCD, Nucl. Phys. B 241 (1984)
493 [doi:10.1016/0550-3213(84)90058-0].
[19] Y. Meurice and G. Veneziano, SUSY vacua versus chiral fermions, Phys. Lett. B 141 (1984) 69 [doi:0.1016/0370-
2693(84)90561-6].
[20] For a review, see, D. Amati, K. Konishi, Y. Meurice, G. C. Rossi, and G. Veneziano, Nonperturbative aspects in supersym-
metric gauge theories, Phys. Rep. 162 (1988) 169 [doi:10.1016/0370-1573(88)90182-2].
[21] J. H. Huh, J. E. Kim, and B. Kyae, SU(5)flip x SU(5)
′ from Z12−I , Phys. Rev. D 80 (2009) 115012 [arXiv: 0904.1108
[hep-ph]].
[22] G. ’t Hooft, Can we make sense out of quantum chromodynamics?, Lecture given at “The Why’s of Subnuclear Physics”
(15th Erice School of Subnuclear Physics, Subnucl. Ser. 15 (1979) 943).
[23] See, for example, J. E. Kim and G. Carosi, Axions and the strong CP problem, Rev. Mod. Phys. 82 (2010) 557
[arXiv:0807.3125[hep-ph]].
[24] E. Witten, An SU(2) anomaly, Phys. Lett. B 117 (1982) 324 [doi:10.1016/0370-2693(82)90728-6].
[25] G. Veneziano and S. Yankielowicz, An effective Lagrangian for the pure N = 1 supersymmetric Yang-Mills theory,
Phys. Lett. B 113 (1982) 231 [doi:10.1016/0370-2693(82)90828-0].
[26] J. Polonyi, Budapest preprint KFKI-1977-93, 1977.
[27] L. O Raifeartaigh, Spontaneous symmetry breaking for chiral scalar superfields, Nucl. Phys. B 96 (1975) 331
[doi:10.1016/0550-3213(75)90585-4].
[28] A. Casas and C. Munoz, A natural solution to the µ problem, Phys. Lett. B 306 (1993) 288 [doi: 10.1016/0370-
2693(93)90081-R].
[29] J. P. Derendinger, L. E. Iba´n˜ez, and H. P. Nilles, On the low-energy d=4, N=1 supergravity theory extracted from the d=10,
N=1 superstring, Phys. Lett. B 155 (1985) 65 [doi:10.1016/0370-2693(85)91033-0].
9[30] M. Dine, R. Rohm, N. Seiberg, and E. Witten, Gluino condensation in superstring models, Phys. Lett. B 156 (1985) 55
[doi:10.1016/0370-2693(85)91354-1].
[31] E. Cremmer, S. Ferrara, L. Girardello, and A. Van Proeyen, Yang-Mills theories with local supersymmetry: La-
grangian, transformation laws and superHiggs effect, Nucl. Phys. B 212 (1983) 413 [doi:10.1016/0550-3213(83)90679-X].
2693(84)92023-9].
[32] G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby, and G. G. Ross, Cosmological problems for the Polonyi potential,
Phys. Lett. B 131 (1983) 59 [doi:10.1016/0370-2693(83)91091-2].
[33] For a review, see, J. E. Kim, S. Nam, and Y. Semertzidis, Fate of global symmetries in the Universe: QCD axion,
quintessential axion and trans-Planckian inflaton decay-constant, Int. J. Mod. Phys. A 33 (2017) 1830002 [arXiv:1712.08648
[hep-ph]].
[34] S. M. Carroll, Quintessence and the rest of the world, Phys. Rev. Lett. 81 (1998) 3067 [arXiv:astro-ph/9806099].
[35] J. E. Kim and H. P. Nilles, A quinessential axion, Phys. Lett. B 553 (2003) 1 [arXiv:hep-ph/0210402].
[36] J. E. Kim, B. Kyae, and S. Nam, The anomalous U(1)anom symmetry and flavors from an SU(5)×SU(5)′ GUT in Z12−I
orbifold compactification, Euro. Phys. J. C 77 (2017) 847 [arXiv:1703.05345 [hep-ph]].
[37] J. E. Kim, Model dependent axion as quintessence with almost massless hidden sector quarks, JHEP 0006 (2000) 016
[arXiv:hep-ph/9907528].
[38] S. M. Barr, A new symmetry breaking pattern for SO(10) and proton decay, Phys. Lett. B 112 (1982) 219 [doi: 10.1016/0370-
2693(82)90966-2].
[39] J. P. Derendinger, J. E. Kim, and D. V. Nanopoulos, Anti-SU(5), Phys. Lett. B 139 (1984) 170 [doi:10.1016/0370-
2693(84)91238-3 ].
[40] H. M. Lee, S. Raby, M. Ratz, G. R. Ross, R. Schieren, K. Schmidt-Hoberg, P. K. S. Vaudrevange, Discrete R symmetries
for the MSSM and its singlet extensions, Nucl. Phys. B 850 (2011) 1 [arXiv:1102.3595 [hep-ph]].
[41] J. E. Kim, Abelian discrete symmetries ZN and ZnR from string orbifolds, Phys. Lett. B 726 (2013) 450 [arXiv:1308.0344
[hep-th]].
[42] J. E. Kim, Theory of flavors: String compactification, Phys. Rev. D 98 (2018) 055005 [arXiv:1805.08153 [hep-ph]] and
R-parity from string compactification, Phys. Rev. D 99 (2019) 093004 [arXiv:1810.10796 [hep-ph]].
